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its cowbustion. Twc formulaticnms were studied, each at two pressures. Solid
materials collected from motor firings were examined micrescopically, analyzed
chemically, and studied for ignition temperatures and burning times, t;. Both
the theory and the experiment show that borcn undergoes substantial chemical
4 reaction in primary combustion. Boih soluble and insoluble beron compounds
form (By03, Al, MgOs4. B4C and others). The minimun gas temperatures for
ignition of the exhaust material are the same as those for pure boron: 1980°K for
fine particles (-10 um) and 185309K fcr 30-40 um particles. Burning times of
3 the exnaust macerial are also rcoughly the same as for pure boron. Even
through our weasurement of tp is rough, it appears that for small particles ty
is not proportional to d¢, but to a power of diameter closer to unity.
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The thermodynamic attractiveness of boron for air-breathing pro-
pulsion purposes is well kunown. Two applications have aroused much
interest recently: ducted air-breathing propulsion and extexraal burning
propulsion. The basic concept is the same in both cases: the exhaust
material from an extrermely fuel-rich primary motor burns in secondary air
to yield high thrust. For best results the primary propellant must
contain very large amounts, typically avout 50% of boron. Consequently,
the conditions in the primary nmotor are ili suited for combustion oi
boron. Primary temperatures are low and oxidants in such short supply
that only a small fraction of boron cam burn, even if it does ignite.
Indeed, it is known that efficiency problems arise ir ducted systems,
and they must therefere be expected also in external-burning propulsion. !
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Substantial prior work has been reported on ignition and coambustion
of pure boron (References 1, 2 and 3). However, there remained a large
uncertainty as to the nature (physical state, chemical composition) anc :
especially as to combustion characteristics of the condensed material
discharged from the primary motor, which is certainiy not pure boron.

v The primary reaction must be expecied to ccat the existing particles
- R with reaction products and/or to generate new particles. Agglomeration
' of particles is a definite possibility.
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- The objective of the present work has been to characterize the
i - nature of the primary exhaust frcm fuel-rich motors, aad to study its
ignition and combustion characteristics, especially as compared to the v
xnown information for pure boron.
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3 a CTPb formulation, and the seconG (ARCADENE 280) a polyester formulation.

F]

!
= .3{’ Two primary propellants were studieé. The first (ARCADENE 256A) was :
P iﬁg Each had roughly 50% of boron.
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Four rotors were prepared and fired, two with each formuiat T
a closed tanx containing about 7 psia of drv argon. The CTPB motors were
fived at 30 and 550 psia (measucca), and tue polyesier mwotors at 150 and
£33 960 psia, respectivesy. !
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Samples of collected materials were (a) examined microscopically;
(b) scparatec into soluble and insoluble portions and analyzed cnemicalliy
for total buisn in each portion; and {c) studied Zor ignition temperatures !
& and burning times. The cirrmical analysis was performed by Ledoux
4 Corporation.
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Ignition and combustion studies were made by injecting solid particles
into flame products of a gas burner. The gas-burner technique had been
used very successfully in the past for detailed fundamental combustion
studies of relatively large single particles. We have now developed a mod~
ification of that method, allowing quantitative ignition and combustion
studies of streams of small particles (d<10u). Tais apparatus is shown in
Figure 1. Tne main modification aspect was the addition of a second
(lower) flotation chamber designed to break up particle clusters. The
cnamber is lightly packeu with small plastic spheres which are set in motion
by a nigh-velocity carrier-gas jet. A steady stream cf particles can thus
be introduced into burner gases for prolonged periods of time.

KESULTS

Thermodynamic equilibrium computatiocnc have been made for chamber and
exhaust conditions for the four measured pressures. The results are given
Table 1. For the purpose of comparison of the experimental data with

. theory, we have assumed that the collected material consists of species
which are solid, liquid, or condenszbie gases under exhaust coaditioms.
Tte condensable gases coatribute 10-12 weight percent.

-

Two sets of computations were made for each experimental run. The
first set included BLC and BN among the products; the second did not. The

numerical results are given in Tables 2 and 3, along witin the experimental
results of the chemical analyses. Inspection of these tables shous that
the theoretical calculations, while certainly not accurate, are quite
indicative of the actuwal chemical compositioam.

Since much of boroa in the
condensables appears in

the three insoluble species—--3,B,C, and BN--the
experimental separation

into soluble and imsoluble portions does not
suffice to decide which

of the two sets of computations is wore realistic.

Suspension of the collected material in various inert liquids showed
that it had a rather wide density spectrum, 1.9 to 2.2 gm/cc. The original
toron density was about 2.3 gm/cc. After washing of the collected material
in hot alcohol, the demsity of the residue was somewhat abeve 2.3 gm/cc.
This indicates that the relatively low-density materiai (e.g. 3203) coats,

or is otherwise attached to, particles of higher density (3,34C).

Microscopic examination of the collected samples showed cthat they
were loosely agglomerated into very large clusters, most of which could
be broken up by ball-milling and sieving. Average ciameters of the sacved
material were 3-aun. £1 1 Figure 2
shows micrograpic of Lac materinl as collecced ana aifter sieving. Com-
as a<dedOpn, was studied by previously
developed single-particle techaiques, and combustion of the fine material
by the new experimental technique described earlier in this paper.

bustion of large agglomarat

Minimum gas temperatures necoded for ignition were measured both for
single agglomerates and for continuous sireams of small particles. This
was done by observing the ignitica (or failure to ignite) in a series of
experiments in which gas temperatures were varied, while the mole fraction
of oxygen, X, was kept constant at 0.20+0.02. The aininmum temperatures
were found to be 1850°K for 30-40um agglomerates and 1980°K for the fine
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material. Both resulis agree very closely with the data obtained with pure

boron: single cryvstals (Refereace 1), and a sample of 98% amorphous boron
with particle diameters about lum.

Burning times (:b) of the collected material were also measured by
both gas-burner techaniques. 30-40um agglomerates have roughly the same 5
values as the 35um crystalline boron (Reference 3). Results of £ in

burner gases arc given in Figure 3. The notation EM 101 and EM 104 refers
to' the collected material from two of the four motor firings. While the
single-particle point is quite accurate, the £, and the d values for all

the other (fine) mat:rials are very rough, perhaps no better than within
a factor of 2. Nevertheless, it is evident that burning times are propor-

tional to a power of tne particie diameter much less than n=2, perhaps
close to n=1.

CONCLUSIONS

Bota the thermodynamic computations of the primary combustion products
and the experimental chemical analysis show that boron undergoes substantial
chemical reaction in primary combustion. Furthermore, the quaatitative
“analytical results are rouganly consistent with the assumption of thermo-

dynamic equilibrium; however, more detailed analytrical data would be needed
for a detailed comparison.

Perhaps the most direct result of this work is the {finding that both
the ignition temperatures and the subsecuent burning times of the condensed
primary exhaust are virtually the same as for pure boroa. For the case of
buraing times, s this is not very surprising, because one should expect
particle combustion “: be controllad by gas-phase rare processes, hence
determined by gas proparties and the particle diameter. It is more sur-
prising for the case of ignition temperatures which one woulé expect to be
affected by suriace coatings. Zven in this case, however, there is some
coniirmation from theory. King (Refere:- &) in his theoretical study oi
boron particle ignition, which includes time-dzpendent processes of oxide—
layer growth and vaporization, found that the effect of the imitial layer
thickness on igaition of particles is small.

Even though our measurement of t is rough, it appears clear that for

. . . 2 . e ..
small particles t, is not proportional to G . hu. it is possibple that
the transition from the diffusicn-limited to the kineiically limited regime
takes piace at diameter values not much beiow 30uu.
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- THERMODYNAMIC CALCULATIONS
i

< i
: CHAMBER CHAMBER EXHAUST PERCENT
E, e, PRESSURE TEMPERATURE TEMPERATURE CONDENSABLE®

E PROPELLANT (psia) °K) ’K) {in exhaust)
o . 256A 30 1,888 1,740 8.9

3 ; 256A 590 2,07 1,618 88.9
3 - . 280 150 2,136 1872 ° 83.7
3 2 280 960 2,409 1,858 86.6
. 3 350LIDS: B4 C, BN, B, MgAl, Og, MgO, C Pl
b5 : P
4 2 LiQUIDS: B, 0g, Fe
3 ' GASES: Mg clz, 82 02, 82 03, Mﬂ, HCI, 33 H3 03, HBOz, BOCl, BO, NBOz, AICI, Fﬂclz i
b 3
_s i
5 !
- ' . Table 1. Thermodynamic Equilibrium Calculations ,
] i
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RUN NUMBER 101 102 103 104
PROPELLANT 280 256A 280 256A
2 CHAMBER PRESSURE (PSIA) 150 30 960 590
H -
3 - INSOLUBLE PERCENT OF CONDENSABLES
£S5 ) () COMPUTED WITH B,C, BN 700 8.0 ° 685 715
3 3
3 E (b} COMPUTED WITHOUT B,C, BN 710 755. 683 723
3 {c) EXPERIMENTAL 731 3.8 75 584
3 £
¢ .
: PERCENT BORON IN CONDENSABLES
3 4 (2} COMPUTED WITH B,C, BN 516 527 50.6 502
E (b) COMPUTED WITHOUT B,C, BN 56.4 474 495 448
k- 2 {c} EXPERIMENTAL 466 585 %3 355
E .
| 3 S
| >
i‘ 3 v.
3 3
E i
|
; 3
| 3
L3 £ Table 2. Condensable Exhaust: Computation and Experiment
I ) . 1
4 3 i
7 E 7 ;
-

———

e A SRR WV s 4 22 A SR 2 0 AR Tt i &

jisa:

oo sty S




RUN NUMBER 101 102 103

; g PROPELLANT 280 2B6A 280

H R CHAMBER PRESSURE (PSIA) 150 30 960
g & .

PERCENT BORON IN INSOLUBLES

{a) COMPUTED WITH B,C, BN 64.1 625 623
{b} COMPUTED WITHOUT B,C, BN 705 625 679
{c} EXPERIMENTAL 573 64.2 510

PERCENT BORON IN SOLUBLES

(a) COMPUTED WITH B,4C, BN 226 139 250
(b) COMPUTED WITHOUT 84C,BN 217 17.0 27
. {c) EXPERIMENTAL 178 270 247

< RS i A e

Table 3. Distribution of Boron in the Condensable Exhaust:
Computation and Experiment

A

104

256A

590

603
59.8
554

159
19.0
86
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